bility of extruded Mg 96 Zn 2 Y 2 and LPSO-type Mg alloy have been reported [8] [9] [10] . Enhancements in the strength of Mg 96 Zn 2 Y 2 alloy by means of extrusion have been investigated and reported by Kawamura et al. [6] [7] . However, improvements in ductility, which are vital for industrial application of Mg alloys, have not been investigated in relation to the annealing properties and thermal stability of Mg-Zn-Y alloys. It was therefore necessary to investigate the relationship between changes in the microstructure of the α-Mg and LPSO phases and the reduction in strength and the improvement in ductility produced by annealing of the alloy. Although LPSO-type Mg alloys have a high strength, they also need to display good ductility and high thermal stability before they can find practical industrial applications. In the present study, we examined the effects of various annealing treatments on the microstructure, tensile yield strength, ductility, and thermal stability of samples of Mg 96 Zn 2 Y 2 alloy produced by extrusion at 623 K. Annealing was accomplished by holding the extruded sample for 1 to 100 h in an electric furnace at various temperatures between 473 and 773 K.
Additionally, many of the plastic deformation processes of LPSO-type Mg alloy and other high-strength materials are affected by extrusion processing and there have been few attempts to examine the development of high strength by rolling and other working processes. It is generally known that plastic deformation of Mg alloys containing added RE elements requires many working cycles and a high deformation temperature in comparison with commercial Mg alloys [6, 11] . The use of wrought metals as industrial materials is important and, to reduce costs, it is desirable to use plastic-deformation as well as extrusion in processing the materials. In the case of Mg alloys, the establishment of a plastic deformation process that combines a heat-treatment process, a plastic-working process, and controlled microstructures, leading to a reduction in processing costs, is urgently required. We produced a time-temperature-transformation (TTT) diagram for Mg 96 Zn 2 Y 2 alloys by investigating the microstructure, strength, elongation, and thermal stability of as-extruded and annealed samples at room temperature and at high temperatures. As a result, we succeeded in producing high-strength rolled sheet of Mg 96 Zn 2 Y 2 by a few passes of a rolling processing to control the amounts of LPSO phase and α-Mg phase. The fine-grained α-Mg phase did contribute to plastic deformation, but the grain size in the rolled sheet was 5 µm, suggesting that the LPSO phase was responsible for flexible workability as a result of the presence of continuous bending and kink bands at the boundary between the two phases.
Experimental procedures
The alloys used in this study were extruded specimens of Mg 96 Zn 2 Y 2 (atomic %) alloys. Ingots were prepared by high-frequency induction melting in an Ar atmosphere. A 60-mmlong cast sample with a diameter 29 mm was prepared. This Mg 96 Zn 2 Y 2 ingot was extruded at 623 K at an extrusion ratio of 10 and an extrusion speed of 2.5 mm s at temperatures between room temperature and 573 K. Hardness tests were carried out for 20 s at a load of 1.96 kN on a plane normal to the direction of extrusion by using a Vickers hardness testing machine.
Annealing was carried out at temperatures between 473 and 773 K in an electric furnace for various times between 1 and 100 h, with a maximum holding time of 1000 h, and the specimens were subsequently cooled in water. The microstructures of the extruded and annealed samples were observed by optical microscopy (OM), scanning electron microscopy (SEM), transmission electron microscopy (TEM), and electron backscattering diffraction (EBSD).
Samples for microscopy were prepared by using a section polisher. In this study, cross-sections of the microstructure were observed from the direction of the extrusion axis. The SEM micrographs of cast and extruded materials are shown in Figure 1 . These micrographs were recorded on cross-sectional planes perpendicular to the direction of extrusion. The brighter areas in Figure 1 correspond to the LPSO phase. The LPSO phase appears to be more finely distributed in the extruded alloys than in the as-cast alloys. The remaining 30% of the α-Mg phase region consisted of a nonrecrystallized material. The volume fraction of the LPSO phase was about 25%. After we had investigated the microstructure and tensile properties of the as-extruded and annealed materials at room temperature and at high temperatures, we investigated the hotrolling workability of the material to elucidate the effect of the α-Mg phase and the LPSO phase on the plastic deformability of the Mg 96 Zn 2 Y 2 alloy.
In the rolling process, we used extruded Mg 96 Zn 2 Y 2 alloy in the form of the as-received material. The α-Mg phase showed static recrystallization grain growth. Kink bands in the LPSO phase were restored by the annealing treatment. Samples 5-mm thick, 20-mm wide, and 50-mm long were machined from the annealed and extruded materials and subjected to rolling in the direction perpendicular to the direction of extrusion. The rolling process was performed at a roll temperature of 473 K and a roll speed of 0.17 m s -1 . The sample was subsequently heated at 643 K for 5 min in an electric furnace and, finally, the rolled samples were quenched in water. Tensile samples with a gauge section 2.5 mm in width, 1 mm in thickness, and 12 mm in length were machined in the direction parallel to the rolling direction from the rolled sheet and from the various annealed sheets. In the as-rolled sheet, the cross section of the microstructure was observed from the rolling direction. ple were 391 and 432 MPa, respectively, and its elongation was 5.4% at room temperature.
When the sample was annealed at 623 K for 1 h, the yield stress was 380 MPa and the tensile strength was 410 MPa; annealing at higher temperatures, resulted in a gradual decrease in strength. Even when the annealing time was extended to 100 h, the same tendency of showing a gradual decrease in these properties was observed. In other words, the α-Mg phase undergoes a static recrystallization at 623 K. On the other hand, it is known that the LPSO phase is responsible for local recovery and/or static recrystallization at an annealing temperature of 673 K [10] . At an annealing temperature at 673 K, the strength deteriorated as a result of recovery of kink bands in the LPSO phase and grain growth of the α-Mg phase, but the elongation improved. It has been reported that annealing of conventional Mg alloys at 523 K for 1 h disrupts the crystalline orientation and causes a reduction in strength [12] . As in the case of tensile tests, annealing at 623 K caused almost no reduction in hardness, which fell from HV 101 before annealing to HV 100 after annealing. The mean grain size was 1.5 µm in the as-extruded sample, which still contained nonrecrystallized regions. On the other hands, in the extruded sample annealed at 623 K, the mean grain size was 2.5 µm owing to the recovery of recrystallized and nonrecrystallized regions or to static recrystallization, and the average size of inclusions of Mg 3 Zn 3 Y 2 compound was 0.4 µm. From Figures   3 and 4, the static recrystallization temperature of the α-Mg phase of this alloy was estimated to be 623 K or higher. When the alloy was annealed at 773 K, its yield stress and tensile strength fell to 210 and 320 MPa, respectively, and the hardness was HV 75, whereas the elongation was improved to 23%. The mean grain size of the α-Mg phase was about 10 µm, and the size of the inclusions of Mg 3 Zn 3 Y 2 compound was 1.7 µm. Fine-grained AZ31 Mg alloy annealed at 773 K for 1 h has a yield stress of 50 MPa, a mean grain size as large as 20 µm, and an improved elongation of 15% [13] . The alloy investigated in the present study showed even better mechanical properties. This was probably because the LPSO phases were dispersed within the α-Mg phase (even at 773 K), the mean grain size of the α-Mg phase was only about 10 µm, and the size of inclusions of Mg 3 Zn 3 Y 2 compound remained small. This tendency persisted when the annealing time was extended from 1 to 100 h, as demonstrated by the microstructural and tensile properties of the samples annealed for 100 h (see Section 3.2). We also carried out hightemperature tensile tests to investigate the temperature dependence of the properties of asextruded and annealed Mg 96 Zn 2 Y 2 alloys; the results of these tests are shown in Figure 5 stress and tensile strength of the as-extruded sample were 281 and 307 MPa, respectively, and the elongation was 24% at 523 K. The yield stress and elongation of extruded Mg 96 Zn 2 Y 2 alloy depended on the testing temperature, and the yield stress decreased with increasing testing temperature. However, the dependence on the testing temperature was small in comparison with that of conventional Mg alloys [14] . In addition, the yield stress depended on the annealing temperature, but materials annealed at 573 K showed the same ratio as the yield stress of the asextruded materials. There was a relative decrease in the yield stresses of materials annealed at a higher temperature of 673 K, regardless of the testing temperature. In this case, static recrystallization of the α-Mg phase and locally recovery and/or recrystallization of the LPSO phase of Mg 96 Zn 2 Y 2 alloy occur at 623 and 673 K, respectively. It is therefore important to maintain the kink band formed in the LPSO phase by extrusion to retain a high strength at high temperatures. When the tests were performed at 523 K, the yield stresses were 300 MPa for the as-extruded samples and 260 MPa for samples annealed at 623 K for 100 h. However, when the testing temperature was 573 K, the yield stress decreased to 120 MPa, regardless of the annealing temperature and time; however, the elongation showed a marked improvement to 70%. In other words the Mg 96 Zn 2 Y 2 alloy has excellent thermal stability and good mechanical properties for an annealing temperature of 573 K and a testing temperature of 523 K. Figure 7 shows optical micrographs of samples annealed at various temperatures and for various holding times. The average grain size of the α-Mg phase is shown in Figure 6 . About 70% of the extruded Mg 96 Zn 2 Y 2 samples consisted of a recrystallized region and the remainder consisted of nonrecrystallized material. We suggest that discontinuous dynamic recrystallization occurs during extrusion. The grain size of the α-Mg phase increased on increasing the annealing temperature, but the grain size and the proportion of the recrystallized region did not change markedly at a temperature of 573 K. SEM micrographs of samples annealed at 623 K for 1 and 100 h are shown in Figure 8 . The SEM micrographs show that, whereas the LPSO phase formed a block-type structure after annealing at 623 K for 1 h, a plate-type LPSO phase additionally appeared when the annealing time was extended to 100 h; the form of the LPSO phase therefore changed from a block type to a plate type when the annealing temperature was increased. Although annealing for about 1 h resulted only in local recovery or recrystallization of kink bands formed in the LPSO phase [10, 15] , an extension of the annealing time permitted a change in form of the LPSO phase, even at 623 K. The formation of the plate-type LPSO phase from the block-type one is considered to result from redissolution and precipitation of the constituent elements. SEM micrographs, TEM micrographs, IPF maps, and PF maps of samples annealed at 573 and 623 K for 100 h are shown in Figure 9 . The SEM micrographs show that a plate-type LPSO phase appeared in samples annealed at 623 K for 100 h. The mean grain size of the α-Mg phase of materials annealed at 573 and 623 K were 3.4 and 4.8 µm, respectively, the intensities of texture were 6.1 and 3.0, respectively, and the proportions of recrystallized regions were 83 and 91%, respectively. The reason why the material annealed at 573 K show a high strength at room temperature and at high temperatures is that kink bands remain in the block-type LPSO phase and because the static recrystallization temperature of Mg 96 Zn 2 Y 2 alloy is higher than that shown by Mg alloys in general. As can be seen in Figure 9 , the intensity of texture of samples annealed at 573 K for 100 h was similar to that of a rolled sheet of AZ31 Mg alloy subjected to working from 473 to 673 K until the rolling reduction reached 85.7%; the values were 7 and 5, respectively [16] . In other words, the presence of an LPSO phase containing kink bands is more important than are microstructural changes in the α-Mg phase. When the annealing temperature was increased to 673 K, the mean grain size of the α-Mg phase became 4.8 µm and kink bands showed a partial recovery, as observed by TEM studies on the microstructure (Figure 9 ). In addition, we concluded that the alloy has superior strength and ductility because the LPSO phase constrains the growth grains in the α-Mg phase during annealing. 
Microstructures of extruded and annealed samples of Mg 96 Zn 2 Y 2 alloy

Thermal stability and the time-temperature-transformation diagram of extruded and annealed samples of Mg 96 Zn 2 Y 2
The extruded samples of Mg 96 Zn 2 Y 2 alloy did not shows any marked loss of strength or change in microstructure for annealing conditions of 573 K for 100 h and a testing temperature of 523 K. We therefore extended the annealing time to 1000 h to test the thermal stability of the alloy. Figure 10 shows the yield stress and elongation for a sample of extruded Mg 96 Zn 2 Y 2 alloy annealed at 573 K for various times up to 1000 h, as tested at room temperature and at 523 K. The yield stress and the tensile strength decreased gradually with increasing annealing time, whereas the elongation markedly improved. The tensile properties of samples annealed at 573 K for 1000 h did not depend on the annealing time or the testing temperature. Figure 11 shows SEM and TEM micrographs and an IPF map of a sample annealed at 573 K for 1000 h. Figure 10 shows that when the annealing temperature is maintained at 573 K for 1000 h, even though the yield stress is reduced from 391 to 352 MPa, the rates of decrease remain at 10 and 7%, respectively, and elongation is improved from 8 to 11%. Although the α-Mg phase grows from 1.5 µm to 4.8 µm, the LPSO phase forms a block-type structure, and a lamellar microstructure in which the LPSO phase is finely dispersed in the α-Mg phase forms; no substantial change was observed, even after annealing for 1000 h. In comparison with the TEM microstructure shown in Figure 11 , where the sample was annealed for 1000 h, the LPSO phase is more bent and kink bands remain. The lamellar microstructure of the α-Mg and LPSO phases were the same as those observed before annealing.
The grains of the α-Mg phase coarsen as the annealing time is increased (see Figures 6 and  11) . However, because the LPSO phase inhibits grain growth, the grain size is still fine compared with that of commercially available alloys. A crystallographic orientation analysis showed that 63% of the measured view for extruded materials and for materials annealed for 1 h consisted of high-angle grain boundaries and that the proportion of {10-10} crystalline orientation was 38%. However, because the grain size of the α-Mg phase increases with increasing annealing time, eventually 78% of the measured view consisted of high-angle grain boundaries and the proportion of {10-10} crystalline orientation fell to 11%. In other words, degradation of the mechanical properties of the extruded materials after annealing at 573 K is due to static recovery of the alloys. With regard to the reinforcing factor of this material, kink bands remained in the LPSO phase even after annealing at 573 K for 1000 h, and the LPSO phase formed a block-type structure. By the way, it is known that the LPSO phase is a harder material than the α-Mg phase. When an LPSO phase is present, the Mg alloy has a high strength and the grain growth of the α-Mg phase is constrained, but the microstructure remains unchanged. In the case of Mg alloys, it is important that they retain a high strength and a high ductility at high temperatures if they are to be used as industrial materials, and the LPSO-type Mg alloy is a material that can solve many such problems. (Figure 12 ), obtained by investigating the microstructure, strength, elongation, and thermal stability of asextruded and annealed samples at room temperature and high temperatures, can be used to optimize working and forming processes. In Figure 12 , the annealing temperature and annealing time graph is divided into three regions, depending on the shape of the LPSO phases: block type, block + plate type, or plate type. In the block-type region, annealing for a long time does not cause a marked deterioration in heat resistance or high strength. On the other hands, the plate-type region provides a high ductility, although the strength is reduced. We chose this classification in terms of the shape of LPSO phase because kink bands introduced into the LPSO phase play an important role in relation to the expression of high strength and high thermal stability of the Mg 96 Zn 2 Y 2 alloy. Figure 13 shows SEM micrographs of an as-extruded sample of Mg 96 Zn 2 Y 2 alloy and of a sample annealed at 773 K for 1 h. The LPSO phase in the annealed materials appears to be more finely dispersed in a plate-type form than that in the extruded alloy. The volume fraction of the LPSO phase is similar to that of the as-extruded alloy, and a plate-type LPSO phase formed in several directions in the grains and grain boundaries. Normally, the LPSO phase, which is the secondary phase, acts as a fiber reinforcement and is anisotropic after plastic deformation. It has been reported [17] that in the as-extruded material, the yield stress in the direction of extrusion shows a difference of about 30% from that in the direction perpendicular to the extrusion direction. Here, the rolling process was performed in four passes at 643 K with a roll temperature of 473 K. The samples were subsequently heated at 643 K for 5 min in an electric furnace and finally quenched in water. Table 1 shows the anisotropy of the tensile properties of hot-rolled sheets of the alloy, where an angle of 0° is parallel to the rolling direction. The maximum value of the anisotropy of the yield stress of the rolled material was about 10%, which is less than one third of that of the extruded material. The dispersal of the LPSO phase by heat treatment, as shown in Figure 13 , is effective in reducing the anisotropy, and even low-deformation processing results in a high strength of over 360 MPa. The tensile strength was almost constant and was independent of the test direction. However, the elongation was maximal for a tensile direction of 45°. The LPSO phase is known to be a hard phase, but we were able to reduce the rolling processing temperature by about 30 K and to perform the processing by using a schedule consisting of only a few passes. A four-pass schedule was the minimum number of passes for rolling the LPSO-type Mg alloy, and the strain ratio introduced by the rolling processing was 1.8, which is less than that produced by the extrusion process. However, the 0.2% proof stress and elongation of Mg 96 Zn 2 Y 2 rolled sheet material were 360 MPa and 5.5%, respectively. In other words, the Mg alloy regained its high strength even when its LPSO phase was not subject to severe plastic deformation.
Optical micrographs and IPF maps are show in Figures 14 and 15 , respectively. In Figure 14 Figure 16 . In the rolled sheet, the LPSO phase was continuously deformed, but boundaries were observed in some regions, suggested that the LPSO phase recovered, at least partially, from the kink deformation introduced during rolling process. Although it is difficult to compare results of a previous study [18] directly with those of the present study, for FCC metals, cellular microstructures at the boundary between the deformation band and the deformation matrix act as recovery nuclei during subsequent reheating. We assume that the kinks acted as recovery nuclei in the Mg 96 Zn 2 Y 2 alloy and led to the formation of a static structure when edge dislocations accumulated as a result of reheating of the kink deformation that formed within the LPSO phase. In the Mg 96 Zn 2 Y 2 rolled sheet, the LPSO phase was continuously deformed, but boundaries were observed in some regions, suggesting that the LPSO phase recovered, at least partially, from the kink deformation introduced during the hotrolling process. The present study clarified that continuous deformation of kink bands is necessary to permit the LPSO phase to show large deformations and that recovery of kink bands during reheating is important.
Conclusions
The mechanical properties and microstructures of extruded Mg 96 Zn 2 Y 2 alloys annealed at various temperatures with various holding times were investigated. Annealing the extruded Mg 96 Zn 2 Y 2 alloy at 623 K caused reductions in yield stress and a gradual decrease in the tensile strength; however, the ductility improved from 5.4 to 9.6%. The α-Mg phase and LPSO phase showed static recrystallization and recovery at 623 and 673 K, respectively; therefore the Mg 96 Zn 2 Y 2 alloy showed a superior thermal stability when it was annealed at 573 K. An effective way to improve the ductility of the alloy while maintaining high strength involves ensuring recovery of the secondary LPSO phase from kink bands, controlling the grain size of the α-Mg phase, and producing a fine dispersion of the LPSO phase in the α-Mg phases. In hot-rolled samples of Mg 96 Zn 2 Y 2 alloy, the anisotropy of the rolled sheet alloy was low compared with that of the extruded alloy when rolling was performed at 673 K after annealing treatment. The important factors in the development of Mg 96 Zn 2 Y 2 alloy with a high strength and ductility are a fine dispersion of the LPSO phase in the grain boundary and the formation of continuous kink bands and/or boundary in the LPSO phase.
